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(54) Method of manufacturing silicon-on-insulator substrate 



(57) A single-crystal silicon substrate having a sur- 
face layer which has been heat-treated in a reducing at- 
mosphere containing hydrogen is prepared. An ion-im- 
plantation layer is formed by implanting oxygen ions. 
Subsequently, a buried oxide film (BOX) layer is formed 
by a desired heat-treatment utilizing the ion-implanta- 
tion layer. An SOI substrate having a single-crystal sili- 
con layer (SOI layer) which is formed on the BOX layer 
and has a remarkably reduced number of defects such 
as COPs (Crystal Originated Particles) is obtained. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a semiconduc- 
tor substrate and a method to manufacture a semicon- 
ductor substrate, and more specifically to a method to 
manufacture an SOI (Silicon On Insulator) substrate 
which has a single-crystal silicon layer on an insulating 
layer and an SOI substrate manufactured by the meth- 
od. The present invention relates in particular to an SOI 
substrate which is manufactured by a method referred 
to as SIMOX (Separation by Implanted Oxygen) meth- 
od. 



Related Background Art 

[0002] Many researches have been made on forma- 
tion of single-crystal silicon semiconductor layers on an 
insulating material since it is widely known as a silicon 
on insulator (SOI) technique and provides devices 
which have merits unavailable with ordinary bulk silicon 
substrates used to manufacture silicon integrated cir- 
cuits. Speaking concretely, the SOI technique makes it 
possible to: 

1. Facilitate to separate dielectric materials and 
highly integrate circuits. 

2. Obtain excellent resistance to radiation. 

3. Reduce floating capacities and accelerate 
speeds. 

4. Omit well process. 

5. Prevent latchup. 

6. Manufacture completely depletion-mode field ef- 
fect transistors by thinning silicon layers. 

[0003] (These merits are described detailedly, for ex- 
ample, in Special Issue: "Single-crystal silicon on non- 
single-crystal insulators", edited by G. W. Cullen, Jour- 
nal of Crystal Growth, Volume 63, No. 3, pp. 429 - 590 
(1983).) 

[0004] Furthermore, it has been reported in these sev- 
eral years that SOI substrate permits enhancing a speed 
of MOSFET and lowering its power consumption (IEEE 
SOI conference 1994). 

[0005] Furthermore, use of an SOI structure wherein 
an SOI layer is disposed on a support substrate by way 
of an insulating layer makes it possible to shorten a time 
for a device processing step since an element disposed 
on the insulating layer can be separated in a simpler 
process than an element formed on a bulk silicon wafer. 
[0006] That is, the SOI substrate is expected not only 
to enhance performance of ICs but also to lower total 
manufacturing cost thereof including a wafer cost and a 
processing cost as compared with those of MOSFET 
ICs. 



[0007] The researches on the SOI substrate has been 
made vigorously since about 1970s. Researches have 
been made vigorously on a method which hetero-epi- 
taxially grows single-crystal Si on a sapphire substrate 
5 which is an insulating material (SOS: Sapphire On Sili- 
con), a method which forms the SOI structure by isolat- 
ing a dielectric material by oxidation of porous silicon 
(FIPOS: Fully Isolation by Porous Oxidized Silicon), a 
bonding method and an oxygen ion implantation meth- 
70 od. 

[0008] The oxygen ion implantation method is a meth- 
od which was reported first by K. Izumi and is now re- 
ferred to as SIMOX (K. Izumi, M. Doken and H. Ariyoshi: 
Electron Lett. 14, p. 593 (1978)). This method implants 

75 oxygen ions into a silicon wafer 1 03 on the order of 1 0 17 
to 10 18 /cm 2 as shown in Fig. 11 A (Fig. 11B) and then 
forms an oxide layer 105 by annealing it at a high tem- 
perature on the order of 1 320°C in an argon-oxygen at- 
mosphere (Fig. 11 C). As a result, the implanted oxygen 

20 ions couple with silicon around a depth corresponding 
to a projection range (R p ) of the implanted ions, thereby 
forming a silicon oxide layer to obtain an SOI substrate 
1 07. (An SOI substrate manufactured by utilizing the SI- 
MOX will be referred to as an "SIMOX wafer" hereinaf- 

2S ter.) 

[0009] Many reports have been made on the SOI sub- 
strate that it enhances a speed of MOSFET and lowers 
its power consumption (described in detail in Proceed- 
ings of 1994 IEEE International Silicon-on-lnsulator 

so Conference). 

[0010] Completely depletion-mode MOSFET manu- 
factured by utilizing the SOI substrate is expected to 
have faster speed and consume power at a lower rate 
as a driving power is enhanced. 

35 [0011] Furthermore, the SOI structure wherein an in- 
sulating layer is disposed under an element allows the 
element to be separated in a simpler process than an 
element formed on a bulk silicon wafer, thereby short- 
ening a time for a device processing step. 

to [0012] That is, the SOI structure is expected not only 
to enhance performance of ICs but also lower total man- 
ufacturing cost thereof including wafer costs and 
processing costs as compared with those of MOSFET 
ICs disposed on bulk silicon wafers. 

45 [001 3] A CZ wafer is generally used as a silicon sub- 
strate to manufacture an SIMOX wafer. The CZ wafer is 
a single-crystal silicon substrate which is manufactured 
by a Czochrlski method. 

[0014] The CZ wafer contains grown-in defects such 
so as COPs (Crystal Originated Particles) and FPD (Flow 
Pattern Defect) which are peculiar to a bulk wafer. 
[001 5] The COPs (H. Yamamoto, Problems Posed on 
Large Diameter Silicon Wafers, 23rd Ultraclean Tech- 
nology College (Aug. 1 996)) and FPD (T Abe, Extended 
5 5 Abst. Electrochem. Soc. Spring Meeting Vol. 95-1, pp. 
5S6 (May 1995)) have sizes on the order of approxi- 
mately 0.1 to 0.2 urn 

[001 6] The COPs and FPD will be described in detail 
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later. 

[0017] When a super LSI was manufactured with the 
CZ wafer, the defects such as the COPs conventionally 
influenced little on device characteristics since a device 
was manufactured with a sufficient margin for the 
grown-in defects. 

[0018] Taking DRAMsasan example for which design 
rules have been changed to specify 0.5 urn for 16M- 
DRAM and 0.35 u.m for 64M-DRAM, however, influenc- 
es due to COPs are more and more remarkable on de- 
vice characteristics and yields thereof. 
[0019] Above all, it is said that a design rule will be 
modified to specify 0.1 to 0. 1 5 u.m for 1 G-DRAM. 

SUMMARY OF THE INVENTION 

[0020] A primary object of the present invention is to 
provide a semiconductor substrate which is scarcely de- 
fective and a method to manufacture the semiconductor 
substrate. 

[0021] Another object of the present invention is to 
provide a method to manufacture an SOI substrate hav- 
ing an SOI layer which contains no or a reduced number 
of defects such as COP, FPD and OSF peculiar to a bulk 
silicon wafer, and an SOI substrate comprising a buried 
oxide film which has an excellent quality. 
[0022] According to an aspect of the present inven- 
tion, there is provided a method for manufacturing a 
semiconductor substrate comprising the steps of: 

preparing a hydrogen-annealed single-crystal sili- 
con substrate; 

forming an ion- implantation layer by implanting ions 
in the single-crystal silicon substrate; and 
forming a buried insulating film in the single-crystal 
silicon substrate. 

[0023] According to another aspect of the present in- 
vention, there is provided the above-mentioned method 
for manufacturing a semiconductor substrate, wherein 
a protective layer is formed on the single-crystal silicon 
substrate after the hydrogen-annealed single-crystal sil- 
icon substrate is prepared and before the ion-implanta- 
tion layer is formed, and ions are implanted from the side 
of the protective layer. 

[0024] According to still another aspect of the present 
invention, there is provided the above-mentioned meth- 
od for manufacturing a semiconductor substrate, com- 
prising a step of cleaning the single-crystal silicon sub- 
strate before forming the ion-implantation layer. 
[0025] According to further aspect of the present in- 
vention, there is provided the above-mentioned method 
for manufacturing a semiconductor substrate, wherein 
the single-crystal silicon substrate is heat-treated in an 
oxidizing atmosphere after the buried insulating film is 
formed. 

[0026] According to further aspect of the present in- 
vention, there is provided a semiconductor substrate ob- 



tained by the method mentioned in above. 
[0027] The present invention realizes a process com- 
prised of heat-treating the Si substrate in a reducing at- 
mosphere containing hydrogen, forming an ion-implan- 

s tation layer in the layer in which COPs and so forth have 
been decreased or in a portion below the layer, heat- 
treating the resultant structure to form the buried oxi- 
dized Si layer, which makes possible to exclude or de- 
crease the defects peculiar to bulk Si such as CZ wafer. 

70 As a result, the present invention enables the yield of 
the product to be improved. It is said that while a wafer 
having a larger diameter will be desired in future, the 
larger the desired diameter is, the harder the pulling up 
of single crystalline bulk silicon with high quality is, so 

15 that the quality of such a bulk wafer will be deteriorated. 
Accordingly, in the process of SIMOX wafer it will be re- 
quired more and more to heat-treat the silicon substrate 
in the reducing atmosphere containing hydrogen before 
the oxygen ion implantation step in the process of Sl- 

20 MOX wafer. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0028] 

25 

Fig. 1 is a flowchart exemplifying the method to 
manufacture a semiconductor substrate according 
to the present invention; 

Figs. 2A, 2B and 2C are schematic sectional views 

30 exemplifying the method to manufacture a semicon- 
ductor substrate according to the present invention; 
Fig. 3 is a schematic diagram descriptive of a COP 
contained in a silicon substrate; 
Fig. 4 is a schematic diagram descriptive of COPs 

35 contained in a silicon substrate; 

Fig. 5 is a schematic diagram descriptive of COPs 
contained in a silicon substrate; 
Figs. 6A, 6B, 6C and 6D are schematic sectional 
views descriptive of a first embodiment of the 

40 present invention; 

Fig. 7 is a flowchart descriptive of a second embod- 
iment of the present invention; 
Figs. 8A, 8B, 8C, 8D and 8F are schematic sectional 
views descriptive of the second embodiment of the 

45 present invention; 

Figs. 9A, 9B, 9C, 9D and 9E are schematic section- 
al views descriptive of a third embodiment of the 
present invention; 

Figs. 10A, 10B, 10C and 10D are schematic sec- 
50 tional views descriptive of another example of the 
first embodiment of the present invention; and 
Figs. 11 A, 11 B and 11 C are schematic sectional 
views descriptive for manufacturing steps for a con- 
ventional SIMOX wafer. 

55 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0029] The present invention will be described first 
with reference to a flowchart shown in Fig. 1. 
[0030] First, a single-crystal silicon substrate which 
has been heat-treated in a reducing atmosphere con- 
taining hydrogen (hereinafter referred to as "hydrogen- 
annealed") is prepared (S1). An ion-implantation layer 
is formed by implanting oxygen ions into the single-crys- 
tal silicon substrate (S2). Then, a buried oxide (BOX) 
layer is formed in the single-crystal silicon substrate by 
heat-treating the single-crystal silicon substrate in de- 
sired conditions (S3). An SIMOX wafer according to the 
present invention is obtained in this way. 
[0031] The present invention will be described more 
concretely below: 

[0032] A single-crystal silicon substrate 21 having a 
surface layer 22 which has been heat-treated in a re- 
ducing atmosphere containing hydrogen is prepared as 
shown in Fig. 2A. The surface layer is a less defective 
layer in which the grown-in defects such as COPs pe- 
culiar to a bulk wafer and defects such as OSF are re- 
markably reduced (the surface layer 22 may hereinafter 
be referred to as "less defective layer 22"). Speaking 
more concretely, the above-mentioned surface layer in 
single-crystal substrate 21 is a layer the number of COP 
or FPD or OSF in which is smaller than that in another 
portion of the same substrate. Though the surface layer 
22 which has been hydrogen-annealed is clearly divided 
from another region 23 in Fig. 2A, a border between the 
surface layer 22 and the other region 23 is actually not 
clear. A reference numeral 63 in Figs. 6A through 6D, a 
reference numeral 83 in Figs. 8A through 8F, a reference 
numeral 93 in Figs. 9A through 9E and a reference nu- 
meral 123 in Figs. 10A through 10D also represent re- 
gions, like the region 23 shown in Figs. 2A through 2C, 
which are other than surface layers formed on sub- 
strates. 

[0033] Then, an ion-implantation layer 24 is formed 
as shown in Fig. 2B by implanting oxygen ions. 
[0034] Utilizing the ion-implantation layer 24 ; a buried 
oxide film (BOX) layer 25 is formed by performing a de- 
sired heat-treatment (Fig. 2C). An SOI substrate 27 
which has a single-crystal silicon layer (SOI layer) 26 on 
the BOX layer 25 is obtained in this way. 
[0035] The present invention makes it possible to ob- 
tain a high quality SIMOX wafer which has no defects 
such as COPs on a surface and in an interior of the SOI 
layer 26 or contains such defects in a number remark- 
ably smaller than that of defects in an ordinary bulk wa- 
fer. 

[0036] The defects such as COP, FPD and OSF pe- 
culiar to the bulk wafer are inherent in a CZ wafer which 
is ordinarily used to manufacture an SIMOX wafer. 
Though causes for these defects have not been clarified 
yet, it has been reported that each of the defects is 
strongly correlated to a concentration of oxygen con- 



tained in a wafer, and the defects such as COP and OSF 
are liable to be produced at high oxygen concentrations 
(for example, in "Problems on Silicon Crystal Wafers" 
(Realize Co., Ltd.) p. 55). 
5 [0037] The OSF (oxidation suspicious film defect) is 
produced from a fine defect which is introduced as a nu- 
cleus of crystal wafer during its growth and made visible 
at an oxidation step. A ring-like OSF may be observed, 
for example, when a wafer surface is subjected to wet 
to oxidation. 

[0038] Furthermore, the COP and FPD which are ob- 
servable without a heat -treatment are considered as de- 
fects attributable to the same cause and, though both 
these defects are not defined strictly, it is the that the 
is COP means an etch pit which is detectable with a fine 
particle detector or a foreign matter detector utilizing 
light scattering after wetting a wafer in SC-1 (!MH 4 OH/ 
H 2 0 2 ) solution which is one of element solution of an 
RCA cleaning solution, and that FPD means an etch pit 
20 which is observed through an optical microscope after 
wetting a wafer in a Secco solution (K 2 Cr 2 0 7 /HF/H 2 0) 
for about 30 minutes. * 
[0039] The present invention forms the SOI layer 26 
itself so as to have no or a remarkably reduced number 
25 of defects such as COP since it forms the surface layer 
22 in which the defects such as COP described above 
disappear or are reduced by annealing the surface of 
the silicon substrate with hydrogen and then forms the 
BOX layer 25 by implanting oxygen ions into the silicon 
30 substrate. 

[0040] A cause for the disappearance of the COP by 

the hydrogen-annealing will be described with reference 
to Fig. 3. 

[0041] In the figure, reference numerals 31 and 32 
35 represent the COP and a silicon atom which are sche- 
matically shown respectively. Reference numeral 33 
represents an oxide film. 

[0042] It is considered that an oxide film 33 several 
nanometer thick exists on an inside wall of the COP 31 . 
to When a silicon substrate is hydrogen-annealed, the ox- 
ide film 33 is removed by a reducing function of hydro- 
gen, and a defective portion is gradually buried due to 
rearrangement of Si atoms and the COP 31 finally dis- 
appears (Denshi-Zairyou(Electronic Materials), June 
4 * pp. 22-26(1998). 

[0043] It has been conventionally attempted to obtain 
high quality SIMOX wafers by utilizing hydrogen-an- 
nealing. 

50 (Description will be made adequately using reference 
numerals shown in Figs. 11 A through 11C.) 



[0044] Japanese Patent Application Laid-Open No. 
10-41241 discloses a hydrogen-annealing which is ef- 
55 feet ed after forming the BOX layer 1 05. According to this 
patent, a temperature for the hydrogen-annealing is 
within a range between 800°C and 1000°C which is not 
lower than a temperature at which oxygen between lat- 
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tices of the SOI layer 1 06 is reduced and not higher than 
a temperature at which reduction does not proceed to 
an oxide film on an interface of the BOX layer 105. 
[0045] Fig. 4 is an enlarged view of a region 114 
shown in Fig. 11B. In an oxygen ion-implantation layer 
104 in a silicon wafer, oxygen ions are distributed within 
a rather broad range around a center (49 in Fig. 4) of a 
projection range R p . When the wafer is subjected to a 
predetermined heat-treatment, oxygen existing in re- 
gions at which oxygen concentrations are low collected 
around the center 49 of the projection range R p at which 
oxygen concentration is high, thereby contracting the 
distribution smaller than that before the heat-treatment. 
Densities of slashes in Fig. 4 schematically represent 
concentrations of oxygen. Fig. 4 shows oxygen concen- 
trations which are lowered from the center 49 of the pro- 
jection range R p . 

[0046] When COPs 41 exist in the vicinities of the ion- 
implantation layer 104, however, oxygen ions are col- 
lected around not only the center 49 of the projection 
range R p but also the COPs 41. Accordingly, COPs 51 
are grown larger than those before forming a BOX layer 
55 (Fig. 5). This growth is considered due to a fact that 
the COPs have oxide films on their inside walls as de- 
scribed above and make their internal oxygen concen- 
trations higher than those in surroundings. 
[0047] After the BOX layer 55 is formed, the COPs 51 
grow large in the vicinities of the BOX layer 55 in partic- 
ular, thereby being hardly removable. 
[0048] Furthermore, Japanese Patent Application 
Laid-Open No. 64-72633 and No. 8-46161 disclose a 
heat-treatment which is performed to form the BOX lay- 
er 105 not in an argon-oxygen mixture gas but in a hy- 
drogen gas atmosphere after implanting oxygen ions in- 
to the silicon substrate. 

[0049] Though oxygen concentrations in an oxygen- 
ion-implantation layer 104 are distributed in a pretty 
broad range around the projection range R p , this distri- 
bution is contracted and the BOX layer 1 05 is formed by 
the heat-treatment. 

[0050] Accordingly, oxygen which can contribute to 
the formation of the BOX layer 105 is also reduced and 
finally removed when the wafer is hydrogen-annealed 
as an attempt to vanish COPs existing in the vicinities 
of an interlace of the BOX layer 105. In other words, 
oxygen to be used for forming the BOX layer is lost as 
the COPs disappear, whereby the BOX layer may be 
thin. 

[0051] According to the present invention, a silicon 
substrate is hydrogen-annealed before oxygen ions are 
implanted into the silicon substrate. 

(Silicon substrate) 

[0052] It is preferable to use a bulk silicon wafer, a CZ 
wafer in particular, as a silicon substrate and anneal the 
silicon substrate with hydrogen to prepare a substrate 
having a surface layer 22 which contains a small number 



of defects such as COPs. 

[0053] Furthermore, not only the CZ wafer but also a 
silicon wafer manufactured by an MCZ method (Mag- 
netic Field Applied Czochralski Method) (hereinafter re- 

5 ferred to as an MCZ silicon wafer) is preferably usable 
as a silicon substrate to be hydrogen-annealed. It has 
been reported that the MCZ method is capable for man- 
ufacturing a wafer while suppressing enlargement of 
COPs contained in silicon more effectively than the CZ 

70 method (Denshi-Zairyou(Electronic Materials), June 
(1998), p. 22). By annealing the MCZ silicon wafer with 
hydrogen, it is possible to form a less defective layer 22 
which has a quality higher than that of a less defective 
layer obtained by annealing the CZ wafer with hydrogen. 

is [0054] It is also preferable to determine specific re- 
sistance of a silicon wafer to be used considering into 
consideration a fact that the hydrogen-annealing caus- 
es outward diffusion of impurities such as boron or phos- 
phorus from inside silicon. 

20 

(Step to form less defective layer by hydrogen- 
annealing) 

[0055] When a CZ silicon wafer which ordinarily con- 
tains oxygen on the order of 10 18 atoms/cm 3 is hydro- 
gen-annealed, oxygen is diffused outward from inside 
the wafer, whereby oxygen concentrations are lowered 
on a surface of the wafer and in the vicinities thereof. 
[0056] The lowering of the oxygen concentrations im- 
30 proves a quality of a surface layer of the wafer, thereby 
permitting forming a surface layer 22 which has a small- 
er number of defects such as COPs and OSFs (the sur- 
face layer may hereafter be referred to as "less defective 
layer - ). 

35 [0057] Speaking of the COPs, the CZ silicon wafer 
contains COPs at a density of 10 5 to 10 7 /cm 3 and an 
8-inch CZ wafer, for example contains COPs in a 
number of 400 to 500 COPs per unit wafer in the vicinity 
of its surface. When the CZ silicon wafer is hydrogen- 

40 annealed, however, the number of COPs is remarkably 
reduced to 10 or so in the vicinity of the surface. That 
is, a substantially defectless layer (DZ layer; Denuded 
Zone) is formed. The expression "the number per unit 
wafer" means herein the number of COPs or the like per 

45 area to be occupied by a wafer. In case of the 8-inch 
wafer, the number per unit wafer is the number of COPs 
in an area of about 324 cm 2 . 

[0058] Taking required thickness of the SOI layer into 
consideration, it is preferable to form the less defective 

50 layer 22 formed by the hydrogen-annealing so as to 
have thickness on the order of 500 to 5000 mm. 
[0059] An oxygen concentration in the less defective 
layer 22 is not higher than 1 X 10 18 atoms/cm 3 , prefer- 
ably not higher than 5 x 10 17 atoms/cm 3 , more prefer- 

55 ably not higher than 1 X 10 17 atoms/cm 3 . 

[0060] It is desirable that a COP density per unit vol- 
ume in the less defective layer 22 is not lower than 0/cm 3 
and not higher than 5 x 10 6 /cm 3 preferably not lower 
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than 0/cm 3 and not higher than 1 x 1 0 6 /cm 3 , more pref- 
erably not lower than 0/cm 3 and not higher than 1 x 10 5 / 
cm 3 . It is desirable in particular that a COP density in a 
depth region from an outermost surface of the surface 
layer 22 to a projection range of the implanted ions is 
within the range specified above. 
[0061] Furthermore, it is desirable for the 8-inch wafer 
that the number of COPs per unit wafer in the less de- 
fective layer 22 is not smaller than 0 and not larger than 
500, preferably not smaller than 0 and not larger than 
100, more preferably not smaller than 0 and not larger 
than 50, further more preferably not smaller than 0 and 
not larger than 10. It is desirable in particular that the 
number of COPs per unit wafer on the surface of the 
wafer is within the range not smaller than 0 and not larg- 
er than 100 specified above. Since COPs are distributed 
on a surface of a wafer under a strong tendency to be 
concentrated within a range about 6 cm around a center 
of the wafer, it is desirable that a 1 2-inch wafer or a larger 
wafer has the number of COPs per unit area which is 
on the order of that for the 8-inch wafer. The expression 
"the number per unit wafer" means "the number per wa- 
fer area" and in case of the 8-inch wafer, for example, it 
is the number of COPs per about 324 cm 2 , 
[0062] Furthermore, it is desirable that the number per 
unit area of a wafer surface is not smaller than 0/cm 2 
and not larger than i.6/cm 2 , preferably not smaller than 
0/cm 2 and not larger than 0.5/cm 2 and more preferably 
not smaller than 0/cm 2 and not larger than 0.05/cm 2 . 
[0063] The number of FPDs per unit area of the less 
defective layer 22 is not smaller than 0/cm 2 and not larg- 
er than 5 x 10 2 /cm 2 , more preferably not smaller than 
0/cm 2 and not larger than 1 x l0 2 /cm 2 
[0064] When the less defective layer 22 is defined by 
OSFs, it is desirable that a density of OSFs per unit area 
is not lower than 0/cm 2 and not higher than 100/cm 2 
preferably not lower than 0/cm 2 and not higher than 
50/cm 2 more preferably not lower than 0/cm 2 and not 
higher than 10/cm 2 

[0065] The reducing atmosphere containing hydro- 
gen which is to be used for heat-treatment to form the 
less defective layer 22 may be composed of a 1 00% gas 
of hydrogen, a mixture gas of hydrogen and rare gas 
(such as Ar, He, Ne, Xe or Kr) or a mixture gas of hy- 
drogen and nitrogen. 

[0066] It is desirable to perform the hydrogen-anneal- 
ing at a temperature which is not lower than 500°C and 
not higher than a melting point of the silicon substrate, 
preferably not lower than 800°C and not higher than the 
melting point of the silicon substrate, more preferably 
not lower than 1000°C and not higher than the melting 
point of the silicon substrate. In particular the hydrogen- 
annealing at a temperature of higher than 1000°C and 
less than the melting point of the silicon brings about a 
large advantageous effect of decreasing steeply COPs 
and so forth. The melting point of silicon is approximate- 
ly 1412°C. 

[0067] Taking a diffusion speed and a burden of oxy- 



gen to be imposed on a heat-treatment furnace, it is pref- 
erable.to set the annealing temperature at a level which 
is not lower than 800°C and not higher than 1350°C. 
More preferably, the annealing temperature is higher 
5 than 1 000°C and not higher than 1 350°C. 

[0068] Though a pressure of the atmosphere contain- 
ing hydrogen for the hydrogen-annealing may be at an 
atmospheric level, a reduced level or an enhanced level, 
it is preferable that atmosphere is kept at the atmospher- 
io ic level (1 x 1 0 5 Pa) or a level which is not higher than 
the atmospheric level and not lower than 1 X10 4 Pa. It 
is also preferable to perform the hydrogen-annealing at 
a lightly reduced level of the atmospheric pressure -100 
mm H 2 0. Defects such as the COPs caused by outward 
« diffusion of oxygen can be reduced effectively by per- 
forming the hydrogen-annealing at a reduced pressure 
though the effect is dependent on a structure of a fur- 
nace used for the heat-treatment. 
[0069] An ordinary vertical type heat-treatment fur- 
20 nace or a horizontal type heat-treatment furnace may 
be used for the hydrogen-annealing. The furnace may 
use an electrical resistance heater, a high-frequency 
heater or the like. 

[0070] The hydrogen-annealing may be carried out by 
2$ utilizing radiation from a lamp which is used for RTA 
(Rapid Thermal Annealing). In this case, an infrared light 
annealing apparatus using a halogen lamp or an arc 
lamp, a flash lamp annealing apparatus using a xenon 
flash lamp or the like may be used as a rapid annealing 
30 apparatus. A lamp used for heating in particular makes 
it possible to carry out the hydrogen-annealing in a short 
time. 

[0071] The hydrogen-annealing can be carried out for 
several seconds to tens of hours, preferably several 
35 seconds to several hours. 

(Step to implant oxygen ions) 



[0072] Prior to the step to implant oxygen ions into the 
40 silicon substrate 21 having the surface layer 22 which 
is the less defective layer, it is preferable to form a silicon 
oxide layer on the silicon substrate 21 by oxidizing a sur- 
face of the surface layer 22 so that oxygen ions are im- 
planted from the side of the silicon oxide layer. Thermal 
45 oxidizing such as the following concrete means is em- 
ployed as the above-mentioned oxidizing: 

so-called dry 0 2 oxidization in which oxygen gas 
with a carrier gas of nitrogen is flowed, so-called wet 0 2 
oxidization in which oxygen gas is supplied by means 
so of hot water, so-called steam oxidization using 1 00% of 
steam or steam with nitrogen gas, so-called pyrogenic 
oxidization in which hydrogen gas and oxygen gas are 
subjected to combustion to water vapor and then the va- 
por is supplied, so-called 0 2 partial pressure oxidization 
5 5 in which oxygen gas prepared by making nitrogen gas 
as a carrier pass through liquid oxygen is flowed, and 
so-called hydrochloric acid oxidization in which hydro- 
chloric acid gas is added with nitrogen gas and oxygen 
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gas. The silicon oxide layer functions as a protective lay- 
er which prevents the surface of the silicon substrate 
from being roughened by implanting ions. In place of the 
silicon oxide layer, silicon nitrogen layer may be formed 
by nitriding the surface layer 22. s 
[0073] Needless to say, a protective layer may be 
formed by depositing a silicon oxide film or a silicon nn 
trogen film on the surface layer 22 by a CVD method 
such as a heat CVD method or a plasma CVD method. 
[0074] It is preferable that the protective layer has to 
thickness of several nanometers to several microme- 
ters. 

[0075] Though the ion-implantation layer 24 is located 
inside the less defective layer 22 in Figs. 2A through 2C, 
the ion-implantation layer 24 may be located inside or *5 
outside the surface layer 22 or on an interface between 
the surface layer 22 and the region 23 so far as a single- 
crystal silicon layer functioning as the SOI layer 26 is a 
less defective layer. In Fig. 2A, the region 23 occupies 
all portions of the silicon substrate which are other than 20 
a region (a surface layer 22) which is made into a less 
defective layer by the hydrogen-annealing. It is desira- 
ble to implant ions so that the projection range R p (im- 
plantation depth) of the ions is located inside the surface 
layer 22 shown in Fig. 2A. 2s 
[0076] It is needless to say that an entire range, an 
upper surface or a bottom surface of the silicon sub- 
strate is formed as the less defective layer 22. 
[0077] An ion-implantation layer 124 may be formed, 
for example, as shown in Figs. 1 0A through 1 0D. An em- 30 
bodiment of the present invention will be exemplified 
briefly with reference to Figs. 10A through 10D. 
[0078] First, a substrate 121 composed of a single- 
crystal Si wafer is prepared as an Si substrate and at 
least a main surface of the substrate is heat-treated in 3S 
an atmosphere containing hydrogen, thereby forming a 
surface layer 122 which has a reduced number of de- 
fects due to bulk. Though the surface layer 1 22 is traced 
as if it is clearly separated from the rest portion of the 
substrate 121 with a border, the surface layer 122 grad- *o 
ually changes actually. Furthermore, an insulating layer 
128 functioning as a protective layer may be formed on 
the surface layer 122 as occasion demands (Fig. 10A). 
[0079] Then, oxygen ions are implanted from the side 
of the main surface, i.e., the surface layer 122, of the <?5 
substrate 121. The ion-implantation layer 124 is formed 
in the vicinity of an interface between a low region 123 
of the substrate 121 and the surface layer 1 28 or inside 
the surface layer 122. Preferably, an implantation ener- 
gy and an implanting rate are adjusted so that interface so 
between the heat-treated surface layer 1 22 and the low 
region 123 is included in a silicon oxide layer when the 
ion-implantation layer 1 24 becomes a silicon oxide layer 
after a heat-treatment and ions are implanted in the ad- 
justed conditions of the implantation energy and im- 55 
planting rate (Fig. 10B). 

[0080] Then, the substrate 121 is heat-treated as 
shown in Fig. 10C. 



[0081] A silicon oxide layer (buried silicon oxide layer) 
125 is thus formed under the single-crystal silicon layer 
1 22 which is located on a side of the main surface of the 
substrate 121. 

[0082] Since the single-crystal silicon layer 122 re- 
maining on the silicon oxide layer 125 has been heat- 
treated in the reducing atmosphere containing hydrogen 
as described above, production of FPDs and COPs is 
suppressed in the silicon oxide layer 125. 
[0083] By removing the oxide film 128 from the sur- 
face layer 122, a semiconductor substrate (SIMOX wa- 
fer) is obtained as shown in Fig. 10D. Needless to say, 
the surface oxide film 128 may not be removed till a 
stage immediately before a device processing step in 
order to prevent the surface from being contaminated. 
The single-crystal silicon layer 1 22 thus obtained is flat- 
tened and uniformly thinned by way of the silicon oxide 
layer 125, thereby being formed so as to have a large 
area over the entire range of the wafer. The semicon- 
ductor substrate thus obtained is usable preferably to 
manufacture an insulated electronic element. 
[0084] After the surface oxide film 1 28 is removed, the 
semiconductor substrate may be heat-treated once 
again in a reducing atmosphere containing hydrogen as 
occasion demands. Surface roughness is smoothed by 
these heat-treatments. The heat-treatment produces no 
slight scratches on the surface since it can smooth the 
surface without touch polishing which has a mechanical 
polishing function stronger than a chemical etching 
function. 

[0085] Though oxygen ions can be implanted at an 
accelerating voltage within a range from 1 keV to 10 
MeV, thickness of an ion-implantation layer changes de- 
pendency on levels of accelerating voltages and it is 
preferable to select an accelerating voltage on the order 
of several tens keV to 500 keV. 
[0086] An implantation radiation dose is 1.0 x 10 16 / 
cm 2 to 1.0 x I0 19 /cm 2 , more preferably within a range 
from 5.0 X I0 16 /cm 2 to 5.0 X 10 18 /cm 2 
[0087] It is desired that oxygen ions are implanted at 
a temperature within a range from -200°C to 700°C, 
preferably within a range from 0°C to 700°C, more pref- 
erably within a range from a room temperature to 700°C. 
In particular, it is preferable that a temperature of the 
substrate during the ion-implantation is 550°C through 
650°C so as to obtain a suitable buried oxide film with 
small electric current leak. 

[0088] To implant oxygen ions into a silicon substrate, 
it is ordinary to select only oxygen ions (O) out of var- 
ious kinds of ions emitted from an ion source with a mass 
separating apparatus, accelerate the selected O ions 
at a desired accelerating voltage and implant the ions 
into a silicon substrate with an ion beam obtained by the 
acceleration. To implant the ions into an entire surface 
of the substrate, ions are implanted while scanning the 
silicon substrate with the ion beam. Needless to say, this 
method is not limitative of the present invention. 
[0089] On the other hand, it is preferable to implant 
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oxygen ions by plasma doping (plasma immersion ion 
implantation) (Jingbao Liu et al., Appl Phys Lett 67 
2361 (1995)). 

[0090] This method is configured not to project an ion 
beam but to irradiate a large area at a time, thereby per- 
mitting to shorten a time required for implanting oxygen 
ions but reducing a manufacturing cost of a semicon- 
ductor substrate. 

[0091] Furthermore, this method is capable of im- 
planting nitrogen ions in place of oxygen ions when a 
silicon nitride layer is required in place of a silicon oxide 
layer as an insulating layer for an SOI substrate. 
[0092] Furthermore, it is possible to implant ions at a 
plurality of steps while changing an implantation radia- 
tion dose and/or an implantation energy (an accelerat- 
ing voltage). When an implantation energy is to be 
changed, it is preferably to select an implantation energy 
level for a second step which is lower than that at a first 
step. When ions are to be implanted at a plurality of 
steps, it is possible to select different kinds of ions to be 
implanted into a silicon substrate at different steps. 
When ions are to be implanted at two steps, it is prefer- 
able to implant a first kind of ions and then a second kind 
of ions which are lighter than the first kind of ions. For 
example, oxygen ions and hydrogen ions are to be se- 
lected as the first and second kinds respectively. 
[0093] When a protective layer is not formed on an 
uppermost surface of a silicon substrate before forming 
the ion-implantation layer, it is also preferable to form a 
protective layer on a surface of a silicon substrate after 
an ion-implantation layer is formed. In such a case, the 
protective layer is capable of preventing the surface of 
the substrate from being roughened by a high temper- 
ature heat-treatment at a stage to form the BOX layer. 



(Heat-treatment step to form BOX layer) 

[0094] A heat-treatment atmosphere to form the BOX 
layer which is the buried oxide film is an atmosphere 
consisting mainly of a gas selected from among oxygen, 
nitrogen, Ar, He, Ne and Xe, more preferably a gas at- 
mosphere prepared by diluting oxygen with an inert gas 
(for example, a mixture gas atmosphere of argon and 
oxygen). 

[0095] Furthermore, the BOX layer can be formed by 
heat-treatment in a reducing atmosphere containing hy- 
drogen. " 3 
[0096] A heat-treatment temperature to form the BOX 
layer is a temperature which is not lower than 600°C 
and not higher than a melting point of silicon, preferably 
not lower than 800°C and not higher than the melting 
point of silicon, more preferably not lower than 1000°C 
and not higher than 1400°C. When the BOX layer is to 
be formed in a reducing atmosphere containing hydro- 
gen, it is preferable to select a temperature which is not 
lower than 800°C and not higher than 1000°C. 
[0097] A heat-treatment time to form the BOX layer is 
not shorter than 0.5 hour and not longer than 20 hours, 



preferably not shorter than 2 hours and not longer than 
10 hours. Though a heat-treatment time as short as pos- 
sible is preferable to lower a manufacturing cost, it is 
desired to specify a heat-treatment time so as to form a 
5 uniform and continuous BOX layer. 

[0098] The BOX layer can be formed under an atmos- 
pheric pressure, a reduced pressure or an enhanced 
pressure. 

[0099] An SOI substrate is obtained by forming the 
io BOX layer and when the SOI layer 26 has a rough sur- 
face, it is preferable to smooth the surface of the SOI 
layer after removing the surface oxide film. 
[0100] Speaking concretely, the surface of the SOI 
layer is smoothed by chemical-mechanical polishing 
™ (CMP) or hydrogen-annealing. Usable as abrasive ma- 
terials for the CMP are polishing grains of a borosilicate 
glass, titanium dioxide, titanium nitride, aluminium ox- 
ide, iron nitrate, cerium oxide, colloidal silica, silicon ni- 
tride, silicon carbide, graphite and diamond or abrasive 
20 grain liquid consisting of these polishing grains and an 
oxidizing agent such as H 2 0 2 or KI0 3 and an alkaline 
solution such as NaOH or KOH. 
[0101] The surface of the SOI layer can be smoothed 
by hydrogen-annealing in an atmosphere consisting a 
2 5 1 00% gas of hydrogen or a mixture gas of hydrogen and 
a rare gas (Ar, Ne or the like). The hydrogen-annealing 
allows boron and phosphorus to be diffused out of the 
SOI layer, thereby enhancing resistance of the SOI lay- 
er. 

30 [0102] A temperature for the hydrogen-annealing is 
not lower than 800°C and not higher than melting point 
of silicon, preferably not lower than 800°C and not high- 
er than 1350°C, more preferably not lower than 850°C 
and not higher than 1250°C. 
3S [0103] Though the atmosphere containing hydrogen 
for the hydrogen-annealing may be kept at an atmos- 
pheric pressure or a reduced pressure, it is preferable 
to carry out the annealing at an atmospheric pressure 
(1 x 10 s Pa) or a pressure which is lower than the at- 
^o mospheric pressure and not lower than 1 X 10 4 Pa. A 
slightly reduced pressure on the order of the atmospher- 
ic pressure -1 00 mm H 2 0 is more preferable for the hy- 
drogen-annealing. 

[0104] When a protective layer is formed on the sur- 
45 face layer 22, the protective layer is removed as occa- 
sion demands after the BOX layer 25 is formed. The pro- 
tective layer is removed by polishing, grinding, CMP, dry 
etching or wet etching (usable as an etchant is fluoro- 
nitride series, enthylenediamine series, KOH series or 
^o hydrazine series etchant. Furthermore, usable as an 
etchant is hydrofluoric acid, a mixture liquid of hydrofluo- 
ric acid to which at least either of hydrogen peroxide and 
alcohol is added or a mixture liquid of buffered hy- 
drofluoric acid to which at least either of hydrogen per- 
5 & oxide and alcohol is added). 

[0105] The present invention makes it possible to en- 
hance a yield of devices by reducing or vanishing COPs 
in SOI layers. Under the present circumstances where 
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it is the that wafers which have larger diameters here- 
after will make it more difficult to enhance qualities of 
crystals, it is considered that qualities of bulk wafers are 
to be lowered. 

[0106] Accordingly, it will be more necessary to an- 
neal silicon substrates with hydrogen before implanting 
oxygen ions. 

[0107] Now, the preferred embodiments of the 
present invention will be described. 

EMBODIMENT 1 

[01 08] A first embodiment of the present invention will 
be described with reference to Figs. 6A through 6D. 
[0109] First, a silicon substrate 61 is prepared and at 
least a main surface of the substrate is heat-treated in 
a reducing atmosphere containing hydrogen. The hy- 
drogen-annealing forms a surface layer 62 which is a 
less defective layer which is free from defects such as 
COPs or has a remarkably small number of such defects 
(Fig. 6A). 

[0110] Then, a protective layer 68 is formed on the 
surface layer 62. The protective layer 68 is, for example, 
a silicon oxide layer which is obtained by thermally oxi- 
dizing a surface of the surface layer 62. Needless to say, 
the protective layer 68 may be formed as occasion de- 
mands and omitted. 

[0111] An ion-implantation layer 64 is formed by im- 
planting oxygen ions from the side of the main surface 
of the silicon substrate 61 , i.e., from the side of the sur- 
face layer 62 (Fig. 6C). After adjusting an accelerating 
voltage and an implantation radiation dose, the ion im- 
plantation is performed so as to obtain a desired buried 
oxide film (BOX) layer. 

[0112] By heat-treating the silicon substrate 61, the 
ion- implantation layer 64 is changed into a BOX layer 
65 as shown in Fig. 6D. Subsequently, an SOI layer 66 
which contains no defects such as the COPs (or con- 
tains the defects in a remarkably small number) can be 
obtained by removing the protective layer 68. Needless 
to say, the protective layer 68 may not be removed till a 
step immediately before processing a device to prevent 
contamination on the surface. 

[01 1 3] When a surface of the SOI layer 66 is rough to 
an unallowable degree, it is smoothed by CMP or hy- 
drogen-annealing. 

[0114] An SIMOX wafer 67 is completed in this way. 
This wafer is preferably usable to manufacture an insu- 
lated electronic element. 

EMBODIMENT 2 

[011 5] A second embodiment of the present invention 
will be described first with reference to a flowchart 
shown in Fig. 7. 

[0116] A single-crystal silicon substrate which has 
been hydrogen-annealed is prepared (S1). After form- 
ing a surface protective film on the single-crystal silicon 



substrate, an ion- implantation layer is formed by im- 
planting oxygen ions into the single-crystal silicon sub- 
strate (S2). Then, a BOX layer is formed in the single- 
crystal silicon substrate by heat-treating the single-crys- 
s tal silicon substrate in desired conditions (S3). These 
steps are similar to those in the flowchart shown in Fig. 
1 . At the step (S2), the formation of the protective film 
may be omitted as occasion demands. 
[0117] In this embodiment, the silicon substrate is 
io cleaned (S4) after the BOX layer is formed in order to 
form an ion-implantation layer once again (S5). Then, a 
heat-treatment is carried out as at (S3) to form a BOX 
layer (S6). An SIMOX wafer is completed in this way 
(S7). When particles exist on a surface of a substrate, 

15 the particles function as masks and the ion-implantation 
layer may not be formed at some regions. This embod- 
iment is capable of preventing oxygen ions from being 
implanted ununiformly since it is configured to clean the 
surface of the silicon substrate after forming the BOX 

20 layer and then implant ions once again. 

[0118] Though two ion implantation steps are shown 
in Fig. 7, the ion implantation step may be repeated at 
any times as occasion demands. Furthermore, it is pref- 
erable to clean the silicon substrate after the step (S1) 

25 and before the step (S2). 

[0119] Furthermore, the heat-treatment to form the 
BOX layer may be carried out at a single step after com- 
pleting the final ion implantation step. 
[0120] This embodiment will be described with refer- 
so ence to Figs. 8A through 8F. 

[0121] A silicon substrate 81 hydrogen-annealed and 
having a surface layer 82 containing a remarkably small 
number of defects such as COPs is prepared (Fig. 8A). 
A protective layer 88 is formed on the surface layer 82 

35 (Fig. 8B). A reference numeral 89 represents a particle 
adhering to the silicon substrate. The protective layer 
88 is preferable to prevent a surface from being rough- 
ened by implanting ions but may not be formed as oc- 
casion demands. 

40 [0122] An ion-implantation layer 84 is formed as 
shown in Fig. 8C. The particle 89 functions as a mask, 
thereby producing a region in which the ion-implantation 
layer is not formed. Though the ion-implantation layer 
84 is formed in the surface layer 82 in Fig. 8C, this lo- 

45 cation is not limitative needless to say. 

[0123] Though a buried oxide film (BOX) layer 85 is 
formed subsequently by carrying out a predetermined 
heat-treatment, the BOX layer is also made discontinu- 
ous under an influence due to the particle 89 (Fig. 8D). 

so [0124] Then, the silicon substrate 81 is cleaned to re- 
move the particle 89 (not shown). After cleaning, an ion- 
implantation layer 74 is formed once again (Fig. 8E) and 
a BOX layer 75 is formed by carrying out a desired heat- 
treatment. 

55 [0125] An SIMOX wafer 87 which has a remarkably 
smooth SOI layer is completed by heat-treating a sur- 
face of an SOI layer 86 in a reducing atmosphere con- 
taining hydrogen after removing the surface protective 
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layer 88 (Fig. 8F). 

[0126] Usable as a chemical to clean the silicon sub- 
strate is DHF (mixture solution of HF and H 2 0), APM 
(mixture solution containing NH 4 OH and H 2 0 2 ),' HPM 
(mixture solution containing HCI and H 2 0 2 ), SPM (mix- 
ture solution containing H 2 S0 4 and H 2 0 2 ), FPM (mix- 
ture solution containing HF and H 2 0 2 ), BHF (mixture so- 
lution of NH 4 F, Hf and H 2 0) or the like. 

EMBODIMENT 3 

[0127] Figs. 9A through 9E are schematic sectional 
views illustrating a third embodiment of the present in- 
vention. 

[0128] A silicon substrate 91 having a surface layer 
92 which has been hydrogen-annealed and a protective 
layer 98 which is formed on the surface layer 92 is pre- 
pared (Fig. 9A). The protective layer 98 may be omitted 
as occasion demands. An ion-implantation layer 94 is 
formed by implanting oxygen ions from the side of the 
surface layer 98 as shown in Fig. 9B. 
[0129] Subsequently, a BOX layer 95 is formed by 
carrying out a desired heat-treatment (Fig. 9C). In case 
of forming the BOX layer in a non-oxidizing atmosphere, 
it is also preferable to add previously to the non-oxidiz- 
ing atmosphere 1% or fewer of oxygen. 
[01 30] Then, the protective layer 98 is removed as oc- 
casion demands and then the silicon substrate 91 is 
subjected to a high temperature heat-treatment, i.e., an 
ITOX treatment (Internal Thermal Oxidation) in an oxi- 
dizing atmosphere. 

[0131] The ITOX treatment not only forms a surface 
oxide film 99 once again on a surface of the SOI layer 
92 but also thickens the internal BOX layer 95, thereby 
enhancing a reliability of the BOX layer (Fig. 9D). The 
removal of the protective layer 98 which is conducted 
prior to the ITOX treatment may be omitted. 
[0132] When the protective layer 98 is not formed pri- 
or to the formation of the ion-implantation layer 94, a 
protective layer may be formed after the ion-implanta- 
tion layer 94 is formed. 

[01 33] Speaking concretely, it is desirable to compose 
the oxidizing atmosphere of oxygen and an inert gas (Ar, 
Ne or the like). 

[01 34] To restrict a speed to form a surface oxide film 
and promote to thicken an internal oxide film, it is desir- 
able to lower an oxygen concentration on the atmos- 
phere and enhance a heat-treatment temperature. 
[0135] For the ITOX treatment, it is preferable to use 
an atmosphere containing oxygen, concretely an at- 
mosphere consisting of oxygen and an inert gas (Ar, Ne 
or the like). Furthermore, the ITOX treatment can be car- 
ried out in an atmosphere kept at an atmospheric level, 
a reduced pressure or an enhanced pressure. An oxy- 
gen concentration in the atmosphere may be within a 
range from 1 % to 1 00%. 

[01 36] It is preferable to carry out the ITOX treatment 
at a temperature within a range from 1000°C to a level 



not higher than the melting point of silicon, preferably 
within a range from 1150°C to a level not higher than 
the melting point of silicon. In particular, in case of im- 
proving the quality of the buried oxide film, it is prefera- 
5 ble to carry out the treatment at a temperature not less 
than 1200°C, more preferably within a range between 
not less than 1300°C and not more than melting point 
of silicon. 

[0137] By removing the surface oxide film 99 as oc- 
i0 casion demands, it is possible to obtain an SIMOX wafer 
97 which has a remarkably small number of defects 
such as COPs on a surface of an SOI layer and a BOX 
layer having a high reliability (Fig. 9E). To prevent the 
surface from being contaminated, the protective layer 
is 99 may not be removed till a step just before processing 
a device. 

[01 38] Flatness of the SOI layer 92 can be enhanced 
by heat-treating it in a reducing atmosphere containing 
hydrogen after removing the surface oxide film 99 

20 

EXAMPLE 1 



[0139] Two 8-inch single-crystal silicon substrates 
(CZ wafers) which were manufactured by the CZ metri- 
cs od were prepared as silicon substrates. One of the sub- 
strates was heat-treated in a reducing atmosphere con- 
taining hydrogen. Treatment conditions were an atmos- 
phere consisting 100% of hydrogen, 1200°C and two 
hours. The other substrate was not heat-treated for 
30 comparison. 

[0140] Oxygen ions are implanted with an accelerat- 
ing energy of 180 keV and at a density of 1.5 X 10 18 
cm* 2 . The substrate was kept at a temperature of 550°C 
during the ion implantation. 
35 [0141] Subsequently, each substrate was heat-treat- 
ed in an atmosphere of O 2 (10%)/Ar(90%) at 1 350°C for 
four hours. 

[0142] Each substrate was completed as an SIMOX 
wafer (SOI wafer) of a single-crystal silicon semiconduc- 
*o tor layer (SOI layer) 179 nm thick and a buried silicon 
oxide layer (BOX layer) 400 nm thick. 
[0143] To detect COPs on a surface of the SOI layer, 
the SOI wafer was treated with an SC-1 cleaning liquid 
(a mixture liquid of 1 .0 wt% of NH 4 OH, 6.0 wt% of H 2 0 2 
4 5 and water) for ten minutes. The number of COPs (on 
the order of 0.1 to 0.2 u^m) on the surface of the SOI 
wafer was counted using a surface particle detector (for 
example, SP-1 manufactured by KLA-Tencor Co., Ltd.) 
[0144] The inspection indicated 200 COPs per unit 
50 wafer for the SOI wafer manufactured using the silicon 
substrate which has not been hydrogen-annealed. 
[0145] On the other hand, the inspection indicated 5 
COPs per un it wafer for the SOI wafer manufactured us- 
ing the silicon substrate the CZ wafer of which had been 
55 hydrogen-annealed before implantation of oxygen ions. 
In this way, it was possible to sufficiently reduce in the 
SOI wafer the number of COPs which are the defects 
attributable to the CZ-Si substrate. 
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[0146] When the number of COPs per unit wafer was 
compared after removing surfaces approximately 79 nm 
thick were removed from the SOI layers by polishing or 
oxidation and peeling off oxide films, the surface particle 
detector indicated 250 COPs on the surface of the SOI 
wafer which had not been hydrogen-annealed and 7 
COPs on the surface of the SOI wafer which had been 
hydrogen-annealed before implantation of oxygen ions. 
[01 47] Furthermore, formation of a protective layer by 
oxidizing a surface of an Si substrate before implanta- 
tion of oxygen ions makes it possible to effectively pre- 
vent the surface from being roughened by implanting 
ions. 

[0148] It is possible to reduce defects such as COPs 
by further annealing a silicon substrate with hydrogen 
after forming a BOX layer. 

[01 49] In addition, it is preferable to form a silicon ox- 
ide layer as a protective layer by thermally oxidizing a 
surface of a silicon substrate prior to formation of an ion- 
implantation layer. Though OSFs may be formed in a 
wafer and defects existing within a region to form an SOI 
layer produce influences on a final SOI layer when a sil- 
icon oxide layer is formed by thermally oxidizing an or- 
dinary CZ water, the present invention which is config- 
ured to oxidize a surface of the surface layer 22 having 
been hydrogen-annealed is capable of preventing OSFs 
from being produced. It is considered that this effect is 
obtained because an oxygen concentration on the sur- 
face of the substrate is lowered by annealing the silicon 
substrate with hydrogen prior to the formation of a pro- 
tective layer. 

EXAMPLE 2 

[0150] Seven single-crystal silicon substrates which 
were manufactured by the CZ method were prepared 
as silicon substrates and heat-treated in reducing at- 
mospheres containing hydrogen in the conditions listed 
below: 

(1) 1200°C for one hour in 100% of H 2 

(2) 1 200°C for two hours in 100% of H 2 

(3) 1 200°C for four hours in 100% of H 2 

(4) 1100°C for four hours in 100% of H 2 

(5) 1100°C for four hours in 4% of H 2 and 96% of Ar 

(6) 1150°C for ten minutes in 100% of H 2 

(7) not hydrogen-annealed before oxygen ion im- 
plantation 

[0151] A CZ wafer was not hydrogen-annealed for 
comparison. 

[0152] Surface silicon oxide films 50 nm thick were 
formed by thermally oxidizing surfaces of surface layers 
of the silicon substrates subjected to the heat-treat- 
ments. The oxide films were formed to prevent the sur- 
faces from being roughened by implanting ions. Need- 
less to say, these oxide layers may not be formed as 
occasion demands. 



[01 53] O 4 ions were implanted through the surface sil- 
icon oxide films at a density of 2 x 1 0 1 8 cm -2 at 1 80 keV. 
The ion implantation was conducted at a temperature of 
550°C. By the ion implantation, there were formed sur- 
5 face layers which had a small number of defects as well 
as ion-implantation layers which had concentration 
peaks in the vicinities of interfaces between the surface 
layers and the original substrates. 
[0154] Subsequently, the substrates were heat-treat- 
w ed at 1350°C for four hours in an atmosphere of 0 2 
(10%)/ Ar (90%). By removing the surface oxide films, 
SOI wafers each consisting of single-crystal silicon sem- 
iconductor layer (SOI layer) 150 nm/buried silicon oxide 
layer 400 nm were completed. 
is [01 55] To detect COPs on surfaces of the SOI layers, 
the SOI wafers were treated with an SC-1 cleaning liquid 
(a mixture liquid consisting of 1.0 wt% of NH 4 OH, 6.0 
wt% of H 2 0 2 and water) for ten minutes. The numbers 
of COPs on surfaces of the SOI wafers was counted with 
a surface particle detector (for example, SP-1 manufac- 
tured by KLA-Tencor Co., Ltd.). 
[0156] The inspection indicated 200 COPs per unit 
wafer for the SOI wafer manufactured with the silicon 
substrate which had not been hydrogen-annealed. On 
the other hand, the number of COPs on the SOI wafers 
treated in the conditions (1) through (6) was not larger 
than 20 though the numbers was more or less variable. 
The conditions (3) in particular permitted to obtain an 
SOI wafer which had three COPs and was substantially 
free from defects such as COPs. 
[0157] After submerging the completed SOI sub- 
strates in 49% HF solution for ten minutes, they were 
observed through an optical microscope. When a COP 
exists in the SOI layer, an HF etches the silicon oxide 
layer through the COP and a circular defect which indi- 
cates an etched portion of the silicon oxide layer is ob- 
servable. The SOI wafer which was treated in the con- 
ditions (7) where it was not heat-treated in the hydrogen 
atmosphere had HF defect on the order of 1.5/cm 2 , 
whereas the SOI wafer which was treated in the condi- 
tions (3) had the HF defect at 0.05/cm 2 . 

EXAMPLE 3 

[0158] A CZ-Si wafer which was heat-treated at 
1200°C for two hours in 100% of hydrogen as in (2) in 
EXAMPLE 2 was prepared. 

[0159] 0+ ions were implanted through a surface sili- 
con oxide layer to 2 X 10 17 cm" 2 at 180 keV. The CZ 
wafer was kept at a temperature of 550°C during the ion 
implantation. 

[0160] Subsequently, the substrate was heat-treated 
at 1350°C for four hours in an atmosphere of 0 2 (10%)/ 
Ar (90%). A buried silicon oxide film thus formed had a 
thickness on the order of 100 nm. 
[0161] After cleaning the wafer, 0 + ions were implant- 
ed once again to 5 X 10 17 cm -2 at 180 keV and the wafer 
was subjected to a similar heat-treatment. The cleaning, 
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ion implantation and heat-treatment were repeated until 
oxygen was implanted in a total amount of 2 X 10 18 



cm -2 . 

[01 62] By removing a surface oxide film, an SOI wafer 
of SOI layer 150 nm/buried silicon oxide layer 400 nm s 
was completed. 

[0163] The number of COPs on a surface of the SOI 
layer was measured as in EXAMPLE 1 and the meas- 
urement indicates COPs on the order of five per unit wa- 
fer, whereby the wafer was substantially free from de- io 
fects such as COPs and FPDs attributable to the CZ-Si 
substrate. 



EXAMPLE 4 

[01 64] An Si wafer which had a small number of de- 
fects on a surface was prepared by heat-treating a CZ- 
Si wafer in a hydrogen atmosphere as in (2) of EXAM- 
PLE 2. 

[0165] Furthermore, a silicon oxide film 20 nm thick 
was formed by thermal oxidation on a surface of a sin- 
gle-crystal silicon layer (SOI layer) which formed a sur- 
face of the wafer. 

[01 66] 0+ ions were implanted through the surface sil- 
icon oxide film to 4 x 10^ cm" 2 at 180 keV. The wafer 
was kept at a temperature of 550°C during the ion im- 
plantation. 

[0167] Subsequently, the ion-implantation layer was 
changed into a buried silicon oxide layer by heat-treating 
the substrate at 1 350°C for four hours in an atmosphere 
of O 2 (10%)/Ar (90%). A wafer consisting of SOI layer 
300 nm/buried silicon oxide layer 90 nm was completed 
in this way. 

[0168] Subsequently, the wafer was further heat- 
treated at 1 350°C for four hours in an atmosphere of 0 2 
(70%)/Ar (30%). By removing a surface oxide film from 
the SOI layer, an SOI wafer consisting of SOI layer 175 
nm/buried silicon oxide layer 110 nm was completed. 
[0169] Since the SOI layer was a portion of a single- 
crystal silicon layer in which defects were reduced by 
the heat-treatment in the hydrogen atmosphere, the SOI 
wafer had defects such as COPs and FPDs on the order 
of five per unit wafer. 



1350°C for four hours in an atmosphere of O 2 (l0%)/Ar 
(90%). An SOI wafer consisting of SOI layer 300nm/bur- 
led oxide film 90 nm was thus completed. 
[0174] The SOI wafer was further heat-treated at 
1 350°C for four hours in an atmosphere of O 2 (70%)/Ar 
(90%). By removing the oxide film from the surface of 
the wafer, an SOI wafer consisting of SOI layer 200 nm/ 
buried oxide film 1 20 nm was completed. 
[0175] The SOI layer of the SOI wafer was substan- 
tially free from defects such as COPs and FPDs which 
were attributable to a CZ-Si substrate. 

EXAMPLE 6 



EXAMPLE 5 

[0170] An Si substrate was prepared by treating an 
Sb doped n type silicon wafer which had specific resist- 
ance of 0.005 n-cm (100) at 1200°C for two hours in 
100% of hydrogen. 

[0171] Furthermore, a silicon oxide film 50 nm thick 
was formed by thermal oxidation on a surface of the sub- 
strate. 

[01 72] 0 + ions were implanted through the silicon ox- 
ide film on the surface of the wafer to 4 x 10 17 cm" 2 at 
180 keV. The wafer was kept at a temperature of 550°C 
during the ion implantation. 

[0173] Subsequently, the wafer was heat-treated at 



15 [0176] A P+ type Cz-Si wafer having specific resist- 
ance of 0.01 £>cm was prepared. 
[0177] The wafer was hydrogen-annealed by heat- 
treating at 1200°C for two hours in 100% of H 2 . 
[0178] Furthermore, an Si0 2 layer 50 nm thick was 
20 formed by thermal oxidation on a surface of the sub- 
strate. 0 + ions were implanted through the surface sili- 
con oxide film to 2 X 1 018 cm -2 at ^ 80 ke v The substrate 
was kept at a temperature of 550°C during the ion im- 
plantation. 

2S [01 79] Subsequently, the substrate was heat-treated 
at 1350°C for four hours in an atmosphere of O 2 (10%)/ 
Ar (90%). By removing the surface silicon oxide film, an 
SOI wafer consisting of SOI layer 150 nm/buried oxide 
film 400 nm was completed. 
30 [0180] The SOI layer was substantially free from de- 
fects such as COPs and FPDs which were attributable 
to the CZ-Si substrate. 

[0181] Subsequently, the SOI wafer was heat-treated 
in an atmosphere of 100% of highly pure hydrogen 
35 which was purified with a hydrogen refiner using palla- 
dium alloy (1100°C, 4 h). A measurement of surface 
roughness of this SOI wafer indicated that roughness at 
root mean square was improved from Rrms = 0.5 nm 
before the heat-treatment to 0.3 nm. 
40 [01 82] Furthermore, a boron concentration in the SOI 
wafer which was 2 X 10ie/ cm 3 before the heat-treat- 
ment was lowered to a level not higher than 5 X 10 1 */ 
cm 3 after the heat-treatment in the SOI layer. 
[01 83] After an SOI layer is formed, it is preferable to 
45 anneal its surface with hydrogen also from the viewpoint 
to lower roughness on the surface and densities of im- 
purities in a substrate. 



50 Claims 

1 . A method for manufacturing a semiconductor sub- 
strate comprising the steps of: 



55 



preparing a hydrogen-annealed single-crystal 
silicon substrate; 

forming an ion-implantation layer by implanting 
ions in said single-crystal silicon substrate; and 
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forming a buried insulating film in said single- 
crystal silicon substrate. 

2. The method for manufacturing a semiconductor 
substrate according to claim 1 , wherein a protective 
layer is formed on said single-crystal silicon sub- 
strate after said hydrogen-annealed single-crystal 
silicon substrate is prepared and before said ion- 
implantation layer is formed, and ions are implanted 
from the side of said protective layer. 

3. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 
hydrogen-annealed single-crystal silicon layer is a 
substrate which has a less defective layer on the 
surface thereof. 

4. The method for manufacturing a semiconductor 
substrate according to claim 3, said less defective 
layer is a layer which has COPs (crystal originated 
particles) or FDPs (flow pattern defects) or OSFs 
(oxidation induced stacking faults) in a number 
smaller than that in other regions in the single-crys- 
tal silicon substrate. 

5. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 
step of preparing a hydrogen-annealed single-crys- 
tal silicon substrate is a step of heat-treating a sin- 
gle-crystal silicon substrate in a reducing atmos- 
phere containing hydrogen. 

6. The method for manufacturing a semiconductor 
substrate according to claim 5, wherein said reduc- 
ing atmosphere containing hydrogen is a 100% gas 
of hydrogen or a mixture gas of hydrogen and a rare 
gas or a mixture gas of hydrogen and nitrogen. 

7. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 
hydrogen-annealing is carried out at a temperature 
which is not lower than 800°C and not higher than 
a melting point of silicon. 

8. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 
hydrogen-annealing is carried out at a temperature 
in a range between higher than 1000°C and not 
higher than melting point of silicon. 

9. The method for manufacturing a semiconductor 
substrate according to claim t or 2, comprising a 
step of cleaning said single-crystal silicon substrate 
before forming said ion-implantation layer. 

10. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 
single-crystal silicon substrate is a CZ silicon wafer. 



11. The method for manufacturing a semiconductor 
substrate according claim 1 or 2, wherein said sin- 
gle-crystal silicon substrate is an MCZ silicon wafer. 

s 12. The method for manufacturing a semiconductor 
substrate according to claim 3, wherein the number 
of COPs per unit area on a surface of said less de- 
fective layer is not smaller than 0/cm 2 and not larger 
than 1 6/cm 2 . 

10 

13. The method for manufacturing a semiconductor 
substrate according to claim 3, wherein the number 
of COPs per unit area on a surface of said less de- 
fective layer is not smaller than 0/cm 2 and not larger 

is than 0.5/cm 2 

14. The method for manufacturing a semiconductor 
substrate according to claim 3, wherein the number 
of COPs per unit area on said less defective layer 

20 is not smaller than 0/cm 2 and not larger than 
0.05/cm 2 . 

15. The method for manufacturing a semiconductor 
substrate according to claim 3, wherein the number 

25 of COPs per unit wafer on a surface of said less 
defective layer is not smaller than 0 and not larger 
than 100. 

16. The method for manufacturing a semiconductor 
30 substrate according to claim 3, wherein the number 

of COPs per unit wafer on a surface of said less 
defective layer is not smaller than 0 and not larger 
than 50. 

35 17. The method for manufacturing a semiconductor 
substrate according to claim 3, wherein the number 
of COPs per unit wafer on a surface of said less 
defective layer is not smaller than 0 and not larger 
than 10. 

40 

18. The method for manufacturing a semiconductor 
substrate according to claim 3, wherein an oxygen 
density on a surface of said less defective layer is 
not higher than 5 X 10 17 atoms/cm 3 . 

45 

19. The method for manufacturing a semiconductor 
substrate according to claim 2 t wherein said protec- 
tive layer formed on said single-crystal silicon sub- 
strate is a silicon oxide layer or a silicon nitride layer. 

50 

20. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 
ion-implantation layer is formed by implanting oxy- 
gen ions or nitrogen ions. 

55 

21. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 
ion-implantation layer is formed by implanting the 
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ions within a range from 1.0 X 10 16 /cm 2 to 1 0 X 
10 1 9/ cm 2 

22. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 5 
ion-implantation layer is formed by a plasma immer- 
sion ion implantation process. 

23. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said w 
buried insulating film is formed by heat-treating said 
single-crystal silicon substrate in which said ion-im- 
plantation layer is formed. 



24. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 
single-crystal silicon substrate is heat-treated in an 
oxidizing atmosphere after said buried insulating 
film is formed. 

25. The method for manufacturing a semiconductor 
substrate according to claim 1 or 2, wherein said 
silicon substrate is subjected to a surface treatment 
after said buried insulating film is formed. 

26. The method for manufacturing a semiconductor 
substrate according to claim 25, wherein said sur- 
face treatment is polishing and/or hydrogen-an- 
nealing of a surface of said silicon substrate. 

27. A method for manufacturing a semiconductor sub- 
strate comprising the steps of: 
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20 



forming a buried silicon oxide film in said single- 
crystal silicon substrate by a first heat-treat- 
ment in a non-oxidizing atmosphere; and 
carrying out a second heat-treatment of said 
single-crystal silicon substrate in an oxidizing 
atmosphere after said buried silicon oxide film 
is formed. 

30. The method for manufacturing a semiconductor 
substrate according to claim 29, wherein oxygen 
has been added to said non-oxidizing atmosphere 
in a volume ratio of 1 % or less. 

31. A semiconductor substrate obtained by the method 
according to any one of claims 1 through 30. 

32. A method of producing a semiconductor device in 
which an SOI substrate is manufactured by the 
method of any of claims 1 to 30 and one or more 
semiconductor integrated circuit components are 
formed at least in part in the silicon layer on insulator 
layer of the SOI substrate. 
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preparing a hydrogen-annealed single-crystal 
silicon substrate at a temperature in a range be- 35 
tween higher than 1000°C and not higher than 
melting point of silicon; 

forming an ion-implantation layer by implanting 
oxygen ions in said single-crystal silicon sub- 
strate; and 40 
forming a buried silicon oxide film in said single- 
crystal silicon substrate. 



28. The method for manufacturing a semiconductor 
substrate according to claim 27, wherein a thermal- 45 
ly oxidized silicon film is previously formed as a pro- 
tective layer on a hydrogen-annealed single-crystal 
silicon substrate and then ions are implantated from 

a side of said thermally oxidized silicon film. 

50 

29. A method for manufacturing a semiconductor sub- 
strate comprising the steps of: 



preparing a hydrogen-annealed single-crystal 
silicon substrate; 

forming an ion-implantation layer by implanting 
oxygen ions in said single-crystal silicon sub- 
strate; 
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